Monolayer-thick hexagonal boron nitride (h-BN) is grown on graphene on SiC(0001), by exposure of the graphene to borazine, (BH)3(NH)3, at 1100 C. The h-BN films form ~2-m size grains with a preferred orientation of 30 relative to the surface graphene. Low-energy electron microscopy is employed to provide definitive signatures of the number and composition of twodimensional (2D) planes across the surface. These grains are found to form by substitution for the surface graphene, with the C atoms produced by this substitution then being incorporated below the h-BN (at the interface between the existing graphene and the SiC) to form a new graphene plane.
1
Considering just hexagonal boron nitride (h-BN) and graphene, h-BN has been shown to be both an ideal substrate on which to fabricate graphene-based devices and a very useful encapsulation layer for such devices. 2, 3 Furthermore, h-BN is known to be an excellent dielectric layer to serve as a gate insulator or a barrier layer in a tunneling device. A number of groups have demonstrated graphene-insulator-graphene (GIG) devices utilizing h-BN barrier layers, but in all cases such devices have been prepared either by exfoliation from bulk crystals or by chemicalvapor deposition (CVD) on metal foils. 4, 5, 6, 7 Complete hetero-epitaxial growth of the h-BN on graphene, without the need for transfer, is preferable from the point of view of both large-area growth (for scalable device fabrication) and to avoid the processing steps (and concomitant possible contamination) associated with exfoliation and transfer.
In this work, we study the heteroepitaxial growth of h-BN on graphene, with the graphene itself being so-called epitaxial graphene (EG) formed on SiC. Use of EG, as opposed to e.g. graphene formed on a metal substrate such as Cu or Ni, 8, 9, 10, 11 offers the advantage of an insulating substrate (i.e. utilizing semi-insulating SiC) for electronic devices. Whereas the growth of h-BN on catalytic metal substrates has been studied by many groups, as recently reviewed by Yin et al., 12, 13 the mechanism for h-BN growth directly on graphene (or EG) without any underlying metal is a less well understood topic. 14, 15, 16, 17, 18 Our growth of h-BN is accomplished by exposing the EG to borazine, (BH)3(NH)3, at a pressure of 1×10 -4 Torr and temperatures in the range 950 -1300 °C (see Supplementary Material for further details); 19, 20 we focus here on results obtained at 1100 C. Characterization of the h-BN is performed in-situ using wide-area low-energy electron diffraction (LEED), both before and after growth, and ex-situ using atomic force microscopy (AFM), low-energy electron microscopy (LEEM) including selected-area LEED (1.25 m spatial resolution), and low-energy electron reflectivity (LEER). Figure  1 (a), acquired before the h-BN growth, is typical of epitaxial graphene on SiC(0001), with SiC, graphene, and the buffer-layer satellite spots readily apparent 21, 22, 23, 24 (see Fig. 3 (d) of Ref. [25] for a LEED pattern of the buffer layer only). The relative intensities of the graphene and SiC spots in Fig. 1(a) is consistent with graphene which is between 1 and 2 MLs thick. 24, 25 The postgrowth pattern in Fig. 1(b) shows an additional faint ring of intensity, with wavevector very nearly equal to that of the primary graphene spots. Careful measurement of the wavevectors of the graphene and h-BN spot positions (on a separate LEED pattern on which they are better resolved; see Fig. S1 of the Supplementary Material) reveals that the average wavevector magnitude of the latter is 1.89  0.13% smaller than the former, consistent with the 1.8% larger lattice parameter of h-BN compared to graphene. Hence, we find that unstrained h-BN is forming on the surface, with preferential orientation of the h-BN grains at 30 to the graphene orientation.
More detailed characterization of the h-BN films is obtained using LEEM, as shown in Fig. 2 . Figure 2 (a) shows a LEEM image with a 10 V "starting voltage" (this is the voltage bias of the sample relative to the electron emitter, which corresponds approximately to the incident electron energy relative to the vacuum level, aside from a small correction for the work function difference between emitter and sample which we quantify in Fig. S2 ). 26 At this voltage, a few isolated dark triangles are readily apparent. As determined in our prior work, 27 this energy range corresponds to a reflectivity minimum specifically for h-BN but not for graphene, and hence we can identify the ~2-µm-size triangles seen in Fig. 2(b) as h-BN islands. Figure 2 (b) shows a specific area of Fig. 2(a) , with one h-BN island highlighted by white dashed lines. LEER spectra are acquired from the points labeled A -D, as shown in Fig. 2(c) ; these spectra provide a powerful "fingerprinting" tool, 28 enabling us to discriminate between different combinations of h-BN and graphene. 26, 27, 29, 30 Specifically, in the low-energy range of 0 -6 eV, the oscillations in the LEER spectra arise from interlayer states of the h-BN and graphene, 31, 32, 33 and by counting the number of these minima we can determine the number of spaces between h-BN and/or graphene planes. Importantly, the graphene-like buffer layer that exists below the EG, 34, 35, 36, 37, 38, 39, 40 often referred to as layer G0, does not have any interlayer state between it and the SiC. 31 Hence, for the first EG layer, which we refer to as G1, there is a single interlayer state (between G0 and G1) and a single minimum in the reflectivity. Curve A of Fig. 2(c) shows this type of spectrum. With additional graphene or h-BN layers above G1, then additional minima appear in this 0 -6 eV range of the spectra. For the broad minimum seen in some of the LEER spectra at 8 -12 eV, this feature has been definitively identified as being derived from states of the h-BN that are localized on the atomic FIG 1. LEED patterns acquired at 100 eV, from (a) epitaxial graphene (EG) on SiC, and (b) after exposure to 1×10 -4 Torr borazine at temperature of 1100 °C. The SiC and graphene (G) spots are indicated (each of them surrounded by six satellite spots). A ring of intensity arising from h-BN is also apparent (with broad maximum at the location indicated).
planes. 27 Such intralayer states are forbidden, by symmetry, to produce reflectivity minima for graphene. 27 Hence, as already mentioned above, this minimum at ~10 eV allows us to identify the presence of h-BN. Thus, we can identify the number of graphene and h-BN layers associated with each of the spectra in Fig. 2(c) , as labelled in the figure (additional LEEM/LEER data are presented in Fig. S3 ). Auger electron spectroscopy data also reveals the B and N peaks arising from the BN islands on the surface, both for the present samples and for sample of BN deposited on Cu utilizing the same borazine deposition system. 26 To more clearly illustrate the number of 2D layers at all locations on the surface, we perform a thickness mapping using a method described elsewhere, 36 as presented in Fig. 2 clearly seen that the highlighted h-BN island contains 1 more 2D plane compared to the area around the island. Most of the island consists of 1 ML of h-BN plus a graphene layer, but there is a strip of material (yellow in Fig. 2(d) ) extending through the island for which there are 2 graphene layers below the h-BN. Similarly, around the h-BN island there is typically a single graphene layer, but some areas (such as the red strip connected to the yellow one that extends through the h-BN) there are 2 graphene layers. As shown by AFM data below, these "strips" of material occur frequently on EG, forming near step edges. We find that the h-BN islands tend to form near the step edges (i.e. heterogeneous nucleation), as illustrated in Fig. S4 .
Selected-area diffraction (µLEED) results are presented in Figs. 2(e) and 2(f), acquired from the surface areas indicated in Fig. 2(a) . Inspecting Fig. 2 (e), obtained from a region of the surface that contains only graphene, at the center of the pattern is the specularly reflected (0,0) beam which is surrounded by the six satellite spots of the 6√3 buffer-layer structure. 47 For the diffraction pattern of Fig. 2(f) , which comes from a single h-BN island as seen from the LEEM image, we see the same primary SiC and graphene spots as those from the area that exhibited only graphene. Additionally, we see a set of 3-fold symmetric spots one of which is labeled "hBN", along with a dimmer set of 3-fold spots rotated 60° with respect to the more intense spots. We can confidently ascribe these all six of these spots to the h-BN evident in the LEEM image; based on the diffraction, the h-BN island is seen to be a single crystal (with the expected three-fold, C3v symmetry). Comparing the positions of the h-BN spots to the graphene-derived spots in the pattern, we see they are aligned at 30 relative to the graphene spots.
Examining other h-BN grains in Fig. 2(a) , it is apparent that they tend to be oriented in nearly the same manner as the one labelled by "f", or with 180 rotation from that. This preferred orientation, at 30 relative to the EG, is in good agreement with the wide-area LEED pattern of Fig. 1(b) . The grains are often found to form at step edges of the underlying SiC, i.e. heterogeneous nucleation, but nevertheless the grains do not have a specific orientation relative to the step edges (see Fig. S4 for details). Hence, it appears that the 30 misorientation is an energetic minimum for the system. This conclusion is perhaps surprising, since given the relatively close lattice match (1.8% mismatch) between h-BN and graphene it might be expected that the h-BN would grow with the same orientation as the graphene. However, recently Wang et al. have observed two energetically stable orientation for graphene on h-BN, namely, at 0 and 30 misorientation. 41 They argue, based on first-principles computations for a small (1.9 nm) flake of graphene on h-BN, that the former is substantially more stable, by 7.2 meV/atom. With the methodology of Ref. [42] , we extend their analysis such that it applies to large flakes, i.e. extending over several unit cells of the moiré pattern (as shown in Fig. S5 ). In that case we find that the 0 and 30 misorientations have nearly the same energy, within 0.6 meV/atom.
The growth mechanism of the h-BN can be determined by examining AFM results, as presented in Fig. 3(a) . Overall, the predominant features are plateaus extending across the image; this morphology is quite common for epitaxial graphene on SiC(0001). 34, 35, 36, 43, 44 Islands of h-BN can be identified as the triangles with slightly raised (bright) edges; the corner of one such triangle is indicated by the arrow in Fig. 3(a) . The majority of such islands are seen to consist of a thin h-BN layer, consistent with the ML coverage found for most islands in the LEEM images. However, some islands, such as the one located in the lower left-hand corner of Fig. 3(a) , appear to consist of many layers in a somewhat complex shape. We interpret those as forming multi-layer h-BN, and indeed, in the LEEM images some islands have a differing contrast with different reflectivity spectra (as shown in Fig. S3 ), consistent with multi-layer h-BN.
Close examination of the h-BN islands in Fig. 3(a) , e.g. the one whose corner is indicated by the arrow, reveals that, although the edges of the island are slightly raised relative to the surrounding graphene, the body of the triangle actually seems to be deeper than the surrounding sample surface. To quantify this effect, line cuts through the image are shown in Fig. 3(b) . To understand the height variation across the image, we note that the SiC bilayers of the SiC(0001) substrate are separated by 0.25 nm and separation of the 2D layers (either graphene or h-BN) is 0.33 nm (there is a buffer layer beneath the EG, 34, 35, 36, 45, 46, 47, 48 but it is uniformly present over the entire sample so its separation from neighboring layers does not affect height variations across the surface). Using these interplanar separations, together with the LEER result that the h-BN islands typically contain 1 ML of h-BN on 1 ML of graphene, we label the various heights seen in the line cut according to the number and composition of surface and subsurface planes (i.e. h-BN; graphene layers, G1 and G2; buffer layer, G0; and SiC bilayer(s)). The h-BN island is generally found to contain one additional 2D layer compared to the area immediately surrounding it.
From the plane assignments in Fig. 3(b) , it is apparent that there are, in general, two fewer SiC planes below an h-BN island as compared to the surrounding surface area. This reduction in the number of SiC planes accounts for the fact that the h-BN islands in the AFM images appear to be deeper than surrounding surface, even though the islands contain an additional 2D layer, i.e. the h-BN layer (see Fig. S6 for statistics on the depth of the h-BN below the surrounding SiC). Hence, we deduce the mechanism of the island formation: Initially the h-BN substitutes for the topmost graphene layer (typically G1) on the surface. This substitution liberates C atoms, which are then available to form a new graphene layer below the h-BN layer, i.e. at the interface between the existing graphene and the SiC. This formation mechanism for the EG at this interface is well known based on prior studies 34, 35, 36, 44, 46, 47, 48, 49 -graphene forms by Si leaving the surface, thereby liberating C atoms to form a new (subsurface) graphene layer. In the absence of additional C atoms produced by the substitution of the h-BN for the top graphene layer, it is necessary to remove Si from 3.1 of the SiC bilayers in order to produce sufficient C to form a new graphene layer. 44 Our data indicates slightly more than 2 SiC bilayers are being consumed by the formation of the new graphene layer. Hence, the remaining amount of C needed for forming the new layer must come from the substitution of the h-BN for the top graphene layer. That is, the amount of C corresponding approximately to what is in 1 SiC bilayer (i.e. 12 atoms/nm -2 ) is supplied by C coming from the substitution. This result is not surprising, since surely not all of the C from the substitution will go directly to the graphene/SiC interface. Rather, these C atoms from the substitution will diffuse to various locations; we find that approximately 1/3 of them are used for forming the new graphene layer, and the remaining ones presumably are incorporated elsewhere (e.g. near SiC step edges, to form additional graphene there) or they leave the surface, e.g. as methane or ethane.
Finally, we comment briefly on the effects of varying the temperature of the h-BN growth on the graphene/SiC surface morphology and the uniformity/crystallinity of the as-grown h-BN. Figure  S7 shows results for growth at 950 and 1300 °C. The LEED pattern for the 950 C growth shows a ring of uniform intensity, at a wavevector consistent with h-BN. AFM reveals a surface covered in an inhomogeneous film, exhibiting a web-like pattern with typical dimension on the 100 nm scale. For this relatively low growth temperature, we conclude that h-BN still forms, but with small domains and no preferred orientation. Perhaps an h-BCN alloy has formed on the surface, as previously observed in several studies. 26, 50 For the case of the sample grown at 1300 C, we find a diffraction pattern with no ring, but with six spots that are rotationally aligned with the SiC spots and an additional six spots that are aligned at 30 to the SiC spots. All of these spots have wavevector consistent with that of h-BN. SiC spots are still apparent in the pattern, but the sixfold satellite spots surrounding the SiC spots are absent, indicating an absence of the 6√3 buffer layer. LEER spectra of this sample show no features that are characteristic of graphene, and AFM images reveal large changes in the overall surface morphology compared to that of the starting EG surface. We conclude that significant etching of the surface has occurred (i.e. likely due to the H from the borazine), and no graphene nor C-rich buffer layer exists on the surface. We find h-BN with orientations of both 0 and 30 relative to the SiC, with considerably more of the latter compared to the former, judging from the intensity of the LEED spots. LEEM/LEER data indicates that the surface contains two different types of areas, in agreement with AFM, one of which consists of thick, 3-dimensional islands of h-BN and the other of which consists of flat SiC terraces likely terminated by H or N or some other species.
In conclusion, we have demonstrated the growth of h-BN monolayers on epitaxial graphene on SiC(0001), producing relatively large, single-domain h-BN crystals (nearly 2 µm on a side as determined by LEEM and AFM), oriented at 30 relative to the underlying graphene. We find that ML-thick h-BN forms via a substitution reaction with the graphene (as opposed to simple deposition on top of the graphene). We note that this same mechanism has been observed by previous workers, 50 and also in our prior study of h-BN growth on graphene-covered copper substrates. 26 However, in those prior works it was found that h-BCN alloy dominantly formed on the surface, whereas in the present work we obtain pure h-BN formation. The difference between the results arises, we believe, from the ability of the SiC substrate to accommodate the C atoms that are liberated by the substituting B and N, i.e. by forming new graphene planes (although it is necessary in this case for Si atoms to leave the surface). For the metallic substrate of the prior works, the C atoms apparently remain active on the graphene/h-BCN surface, thus inhibiting the formation of large-area, pure h-BN grains. Growth Procedure: Growth was performed in a home-built vacuum system with base pressure of 110 -9 Torr, employing a resistively heated graphite heater strip and a disappearing filament pyrometer for measuring temperature (with accuracy of 50 C).
1 SiC(0001) samples (1 cm  1 cm, Si-face, epi-ready) were first hydrogen-etched to improve their surface morphology, 2 and then graphene was grown by high-temperature sublimation of silicon in 1 atm of Ar.
3,4,5 The samples were characterized by LEED in a connected vacuum chamber, and then returned to the growth chamber where borazine, (BH)3(NH)3, was introduced until the desired pressure was obtained. The sample temperature was then rapidly (within ~10 s) increased, and after a growth time of 30 minutes the sample temperature was ramped to room temperature over the course of 5 minutes. Following all h-BN growth runs, the graphite heater strip was hydrogen etched in 1 atm of hydrogen at 1700°C for 5 min. This process was found to be necessary to remove BN from the heater strip, and hence prevent unintentional BN deposition (from the heater strip itself) on a subsequent sample. . At the onset voltage, V0, the vacuum levels of the sample and the cathode are aligned, i.e. the work function difference between sample and LaB6 cathode is given by W = eV0. From the fitting procedure (described in detail in Ref. [6] ), the onset voltages for the two cases shown are determined to be 1.37  0.01 and 1.45  0.05 V, respectively. For spectra C and D of Fig. 2(c) , the onsets are found to be 1.43  0.01 and 1.40  0.04 V, respectively. For each case, the maximum in the distribution of electrons emitted by the cathode occurs at an energy c above its vacuum level, where c is width of the thermionic distribution which is also obtained from the fitting procedure (0.18 eV for the present data). Hence, to place the observed spectra on a scale corresponding to the energy of a sample state relative to the vacuum level (at that location on the sample surface), the spectra are shifted by W + c. Interpretation of the LEER spectra is made as described in the main text: In the low-energy range of 0 -6 eV, oscillations in the LEER spectra arise from interlayer states of the h-BN and graphene, 7, 8, 9 so the number of spectral minima equals the number of h-BN and/or graphene layers. For the broad minimum seen in some of the LEER spectra at 8 -12 eV, this feature has been identified as being derived from states of the h-BN that are localized on the atomic planes. 10 Such intralayer states are forbidden, by symmetry, to produce reflectivity minima for graphene, 10 so that this minimum at 10 eV allows us to distinguish between h-BN and graphene. This interpretation of the LEER spectra has been firmly established in prior studies of h-BN and graphene on Cu and Ni substrates. 6, 8, 10 For example, 2 ML of h-BN on Ni produces spectrum A in Fig. 1 of Ref. [10] showing a single minimum in the 0 -6 eV range as well as a minimum at 10 eV; the latter arises from the intralayer states of the h-BN whereas the former is the interlayer state between the 2 h-BN layers. Only a single interlayer state forms in this case because the space between h-BN and Ni is much too small to permit an interlayer to form there, as revealed by explicit, first-principles simulation of the spectra (although the same simulations demonstrate that an additional, small feature observed near 0 eV in those spectra arises from a Shockley state associated with the Ni surface). 10 FIG S4. (a,b) LEEM images acquired at 15 V, and (c,d) thickness mapping (blue, red, yellow correspond to 1, 2, or 3 ML of graphene or h-BN, and black corresponds to an ill-defined reflectivity curve, e.g. near a domain boundary or for a flat-bottomed reflectivity minimum such as spectrum E of Fig. S3(b) ). Images (a,c) and (b,d) are obtained from the same surface areas as Figs. S3(a) and (c), respectively; these are two different areas of the same sample, but imaged during separate LEEM sessions (there was a 90 rotation in the mounting of the sample between the two sessions).
Additional Data
Step edges, as revealed by the bright strips of 2-ML-thick graphene in (a,b) , or by the red-on-blue or yellow-on-red strips in (c,d), are indicated by red dashed lines in (a,b), whereas the orientations of h-BN islands are indicated by green arrows. In (a), the h-BN islands are seen to be generally pointing along the vertical, whereas in (b) they are pointing along the horizontal. In both cases, the islands do not appear to specifically follow the step directions, which themselves are rather serpentine. Note that several islands on the right-hand side of images (b,d) do not appear to be nucleated at step edges, but nevertheless maintain the same orientation as the islands in the upper left-hand portion of the image that are nucleated at a step edge. Results for the 1.9-nm flake are fit to the first-principles results of Ref. [11] , with the extension to the larger flake made using the method of Ref [12] . For the small flake at small misorientation angles, many of its C atoms are located at energetically favorable locations above the h-BN (i.e. with half of the C atoms nearly above N atoms), and hence the energy is relatively low. For the larger flake, a much greater variety of sites for the C atoms occur, and hence the interaction energy increases.
(b,c) Relative interaction energy as a function of translational shift of the 1.9-nm hexagonal flake relative to the h-BN, with the shift occurring in the zigzag and armchair directions, respectively. Again, results are fit to the first-principles results of Ref. [11] , utilizing the expression for the interaction energy of graphene on h-BN as formulated in Ref. [12] . There, the interaction energy of a single unit cell of graphene on h-BN as a function of its position ≡ ( , ) relative to an h-BN unit cell is a periodic function (i.e. period of h-BN) expressed as a sum over reciprocal lattice vectors, 12 ( ) = ∑
• , where we employ the first three rings of G vectors (the second and third rings make only a small contribution to our results). In each ring there are three G vectors with the same values, and three with the complex conjugate of that. The energy of an entire flake of graphene over h-BN is then given by 1 ∑ 12 ( , )
, where , are the locations of the graphene unit cells in the flake and N is the number of graphene unit cells in the flake. We evaluate this sum for the 1.9-nm flake, and choose the values of the coefficients such that panels (b,c) and the solid line of (a) are a good fit to the results of Ref. [11] (see their Figs. 3(h), S3(b,c) ; the 25 misorientation angle of their Fig. 3(h) is not considered here, since it's not included in their Figs. S3(b,c) ). We then consider the larger, 19-nm flake, thus obtaining the dashed line of (a).
As an explicit illustration of our analysis procedure, let us consider a misorientation of  = 0, treated using only the first ring of G vectors. Primitive lattice vectors of h-BN are given by 1 With these definitions, the total energy 1 ∑ 12 (∆ , )
, can be easily evaluated, depending only on the values of , 00 , 10 . The latter is a complex constant, which we write in terms of its magnitude | 10 | and its complex phase arg( 10 ). We evaluate these parameters by considering the variation in 1 ∑ 12 (∆ , ) , , i.e. with no dependence on 00 , for a 1.9-nm flake ( = 4) as ( 0 , 0 ) varies along the zigzag and armchair directions of the h-BN lattice. This result is shown in Figs. S5(b,c) . By choosing values of | 10 | = 1.04 meV and arg( 10 ) = 187, we obtain a good fit between these variations and those from the first-principles computations of Ref. [11] (as mentioned above, we also employ the second and third rings of G vectors in order to slightly improve the match with the first-principles results). Then, to evaluate 00 , we consider the magnitude of the interaction energy for the 1.9-nm flake for 0 = 0 = 0, as given in Ref. [11] and shown by the solid line in Fig. S5(a) , leading to 00 = 6.75 meV. Finally, to achieve our goal of evaluating the interaction energy of a larger, 19-nm flake of graphene on h-BN, we simply change the value defining the boundary of the flake, to = 40. We thus obtain the result shown by the dashed line in Fig. S5(a) , and our analysis procedure is repeated at each of the misorientation angles shown there. In choosing the locations of the line cuts, areas marked by the white arrows in (a) are avoided, at which the h-BN island is seen to be higher than the SiC. To understand such areas, we refer to the thickness map of Fig. 2(d) , where similar-shaped small areas are seen extending out from the h-BN triangular island. These areas are found to have the same number of 2D layers as the island (that is, small red areas extending out from the edge of the red h-BN island in Fig.  2(d) ), and hence we interpret the areas in (a) as similarly having the same number of 2D layers as the h-BN island. (Also see cut BB of Fig. 3(b) , where one such area is explicitly labelled, just to the right of the h-BN island). All other areas of the SiC surrounding the h-BN island are found in the thickness map to have one fewer 2D plane in the surrounding SiC than in the h-BN island itself. The histogram in (c) yields a mean step height of 0.211 nm and standard deviation of = 0.060 nm. Within ± , this measured step height is consistent with having two additional SiC bilayers in the SiC area surrounding the h-BN island compared to beneath the island itself, corresponding to a step height of (20.25)  0.33 = 0.17 nm. More quantitatively, we can utilize the error on the mean for the = 15 measurement together with a 95% confidence interval, yielding an uncertainty of ±2 √ ⁄ = ±0.031 nm. The lower end of this range, 0.211  0.031 = 0.180 nm, is slightly larger, by 0.01 nm, than the expected value of 0.17 nm. However, this small discrepancy is well within the bounds of systematic error in AFM imaging of dissimilar materials. (h) LEER spectra extracted from the locations indicated in (g). For the 1300 C growth, the surface morphology is greatly changed compared to the starting EG, indicative of etching of the surface. LEER spectrum B indicates thick h-BN (compare with spectrum E of Fig. S3(b) ), whereas LEER spectrum A is clearly indicative not of h-BN nor of graphene, and we believe that it arises from some sort of SiC surface that may be terminated e.g. by H or N or some other species. Hence, it appears that the graphene on the surface has been etched away, with much of the surface consisting of flat SiC terraces and other parts of the surface being covered with thick, 3-dimensional h-BN islands.
